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The role of 
black holes in 

galaxy 
evolutionNot enough  

low mass galaxies
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Read & Trentham 2005



AGN Feedback  
through jets

How are they 
powered?



Astro2020 asks:
B-Q2: “Why do some compact objects eject 
material in nearly light-speed jets, and what 
is that material made of?” 

B-Q3**: “What seeds supermassive black 
holes, and how do they grow?” 

B-Q1: “What are the mass and spin 
distributions of neutron stars and stellar mass 
black holes?” 
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axis.astro.umd.edu Simulation from Edmund Hodges-Kluck

Direct Measurements

http://axis.astro.umd.edu


Black hole transients 

Causal connection  
between accretion & ejection

Recent Review: 
Kalemci, Kara & Tomsick ‘22



Recent Review: 
Kalemci, Kara & Tomsick ‘22



Black hole transients  
and accretion evolution



No jet 
(but winds)

transient jet

Persistent jet

Universal Disc-Jet  
Coupling in black holes

 jet quenching



Black hole transients: analogous to AGN? 

Low-luminosity AGN

BAL QSOs 
NLS1s

Radio Loud Seyferts 
Radio Loud Quasars

?

?
?

Equivalent duty cycle in AGN is millions++ of years

Radio Quiet Seyferts 
Radio Quiet AGN

?

Changing-look  
AGN ?



Event Horizon Scales of Accretion

Low-luminosity AGN

BAL QSOs 
NLS1s

Radio Loud Seyferts 
Radio Loud Quasars

?

??
Optically-thin regime:


EHT & ngEHT ! 

Radio Quiet Seyferts 
Radio Quiet AGN

?

Changing-look  
AGN ?



Event Horizon Scales of Accretion

Low-luminosity AGN

BAL QSOs 
NLS1s

Radio Loud Seyferts 
Radio Loud Quasars

?

??Optically-thick regime: 
X-ray Reverberation  

Mapping

“Swap spatial resolution  
for time resolution”

Radio Quiet Seyferts 
Radio Quiet AGN

?

Changing-look  
AGN ?



Zdziarski+2002

Reverberation Mapping with NICER

Kara et al., 2015

AGN: Fabian et al., 2009; Zoghbi et al., 2010; Uttley et al., 2014 for review



Kara+13

Kara+19

Kara+13, 19; Figure from Bambi+21 review

Black Hole X-ray Binaries as “Micro-Seyferts”?



Inner accretion flow geometry from reverb mapping

Kara et al., 2019

Reverberation echoes

get shorter

Broad iron line

is constant

We understand the disk geometry well 
enough to measure black hole spin



Volonteri+05


The importance of black  hole spin

risco = 1 rgrisco = 6 rg

Prograde rotationNon-spinning black hole

L = ε !Mc2  ( !M  = mass accretion rate [kg/s]).

B-Q2: “Why do some compact objects eject 
material in nearly light-speed jets, and what is that 
material made of?” 

B-Q3**: “What seeds supermassive black holes, 
and how do they grow?” 

B-Q1: “What are the mass and spin distributions 
of neutron stars and stellar mass black holes?” 



STROBE-X March 11, 2019

(a) (b) (c)

Figure 3: Current black hole spin measurements for X-ray binaries (a) and AGN (c) and e↵ective spin (�e↵)
measurements for gravitational wave mergers (b). For the X-ray binaries, measurements or constraints have
been possible using three techniques, and STROBE-X will be capable of using all three. It is important to
note that the errors shown only include statistical uncertainties. For AGN, only the reflection technique has
been used. Many of the X-ray binary measurements come from Ref. 204. Other measurements were taken
from the available literature. The �e↵ measurements are surprisingly low if the BH-BH mergers evolve from
high-mass X-ray binaries.

(for GW170729), which do not necessarily indicate extremely large spin values either (see
Figure 3b). However, as �e↵ depends on the alignment between the BH spin axes and the
orbital angular momentum axis, low values do not necessarily indicate low BH spins, but
they do indicate that either the component spins are low or that there are significant spin
misalignments [96]. Partial explanations for the low �e↵ values include the possibility that
the spin axis of the BH becomes tilted during the collapse of the progenitor star [325], an
evolutionary channel where a Wolf-Rayet star collapses to a BH before reaching tidal syn-
chronization [131, 130], or the possibility that very massive stars leave slowly rotating BHs
[47]. Thus, the critical point is that if X-ray binary spin measurements (Figure 3a) are in-
dicating that most BHs are born with high spin (even including the high mass X-ray binary
Cygnus X–1), then it is unclear why BHs would have low spins (or strongly misaligned spins)
at the times of their mergers. While much theoretical work has already gone into trying to
understand the apparent discrepancy, we must continue to increase the number of robust spin
measurements for X-ray binaries. In addition, it is important to probe BH spins in binaries
with companion stars of di↵erent masses and evolutionary stages to infer whether measured
BH spins are indeed intrinsic from birth or whether, in the case of long-lived systems with
low-mass companions, they might be spun up by long-term accretion.

Observational techniques and state of the field: There are three main ways to measure BH
spin in the X-ray band:

(1) Thermal Continuum Fitting When stellar mass BHs emit strong thermal emission, the
accretion disk is ⇠ 107 K and exhibits a multi-temperature blackbody component in the X-ray band

7

A Multi-Messenger Perspective on Black Hole Spin

Ray+19

Fishbach & Kalogera 2022

Amount of spin up LMXBs must experience

if drawn from BBH population vs. HMXBs

LIGO BHs are more massive and lower spin 

(or at least lower Xeff).

Mostly LMXBs where donor will never result in a BBH that LIGO would see!



Understanding 

X-ray Binary Populations is key 

to understanding LIGO BHs

AXIS

Chandra

1-2” PSF over  
24’x24’ FoV 

10-40x more sensitive 
than Chandra

Fast slew like Swift 

low background 

This is MMA!



The NICER  
“Reverb  
Machine”

Wang, Kara+22

11 BHs w/  
Reverb Lags 

Jingyi Wang, MIT 
5th Year PhD Candidate 
NASA FINNEST Scholar



Ingram+19

Mastroserio+20

hard state transition

Modeling the lags

Wang, Mastroserio, Kara et al., 2021





Gandhi et al., 2008

Optical ACF narrower than X-ray

Disfavors reprocessing 

Optical/IR lags X-rays by 0.1s

Internal Shock Model? (Malzac+13)

Vincentelli et al., 2019

Connecting the corona and the jet 
X-ray/IR timing studies



Black Hole Transients (scaled down AGN) 
as Cosmic Ray Emitters

Cooper+21

Neutrinos also expected from CR interactions 
with protons or photons

IceCube-Gen2 will probe 10x more volume

KM3-NET: Error circle of < 0.1◦ at PeV energies

Shocks propagating in black hole XRB jet can 
accelerate charged particles to very high energies 

Could explain Galactic ‘knee' of CR spectrum?



What time-domain/multi-wavelength observations are critical for 
answering fundamental science questions for this source? 

Fast follow-up of individual,  
bright black hole transients 

1) High-cadence, high throughput X-ray 
observations 

• to measure black hole mass, spin and 

disk/corona geometry


2) Coordinated IR and Radio Observations 
with fast photometry 

• to measure disk/corona/jet causal 

connection


3) Coordination with next generation 
neutrino and TeV gamma-ray facilities

• to measure particle content of jet


X-ray Binary Demographics 

1) Cadenced, sensitive X-ray surveys of 
the Galactic Plane

• Spectra can distinguish NS/BHs 

from CVs

• Variability distinguishes MSPs from 

quiescent black holes


2) Correlate with next-generation neutrino 
observatories with good spatial resolution


3) Aid in identifying LISA continuous 
gravitational wave sources



Fast follow-up of individual,  
bright black hole transients 

X-ray Binary Demographics

What is needed for the time domain/multi-wavelength and/or multi-
messenger detections described above (more theory work, more 
observations, new technology, new missions/facilities, etc.)?

See PI Paul Ray!



Selected for Phase A Study Last week! 
Visit: https://asd.gsfc.nasa.gov/star-x


